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ABSTRACT OF THESIS 
 
AGGREGATION BEHAVIOR 
IN THE BED BUG, CIMEX LECTULARIUS L. 
The bed bug, Cimex lectularius L., is a common household pest that feeds on the 
blood of its human hosts. Unlike many other hematophagic arthropods, bed bugs have not 
demonstrated the ability to vector disease; yet its presence in a household often leads to 
fear and anxiety amongst its human host victims. Bed bugs spend the majority of their 
time aggregating in enclosed and hidden locations, making it difficult to detect and 
eradicate them. One of the significant mediators of aggregation behavior is an 
aggregation pheromone. The pheromone has been identified to be six chemical 
compounds, five volatile compounds that attract conspecific bed bugs to an aggregation, 
and a sixth compound, histamine, that arrests them at the aggregation location. Subtle 
variations in the semiochemical signature between different life stages of the bed bug 
may influence the make-up and structure of individual aggregations. There also appears 
to be differences in aggregation behavior between different populations of bed bugs. My 
research focuses on determining how aggregation behavior varies between different life 
stages of the bed bug, and between different populations of bed bugs. I developed a 
method to quantify aggregation and found distinct differences in aggregation between 
populations of bed bugs, but not between sexes. I then measured the production of 
histamine between life stages and determined that histamine is produced by all life stages, 
starting at low levels with first instars, and gradually increasing to adults, with females 
producing more histamine than males. Finally, I conducted a series of choice tests to 
compare the semiochemical signal produced by males, females or fifth instars in their 
feces and compared their responses to aggregation cues from each other. All life stages 
tested responded to the fecal extracts over controls, except males who did not 
significantly choose female extracts over a control. When given a choice between fecal 
extracts between two different life stages, all groups responded equally to the extracts, 
with the exception that females preferred female fecal extracts over fifth instar extracts. 
Overall, these studies demonstrate differences in aggregation behavior between 
populations of bed bugs, but little support for differences between life stages within a 
population. 
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  BED BUG BEHAVIOR AND POPULATION GENETICS 
Introduction 
 The bed bug, Cimex lectularius L. (Hemiptera: Cimicidae), is a common insect 
pest associated with human habitations and found throughout the world. They are 
obligate blood feeders. Bed bugs are cryptic, spending the majority of their time in 
aggregations well hidden from their hosts. They typically come out at night while the 
human host is asleep to take a blood meal (Usinger 1966). To date, bed bugs have not 
been implicated in the transmission of any infectious diseases, unlike many other 
hematophagic insects, such as fleas, ticks and mosquitoes (Goddard & deShazo 2009). 
Yet, most people find the bed bug’s cryptic nature and nocturnal blood-feeding lifestyle 
disconcerting and will often express strong negative responses to having bed bugs in their 
home (Doggett et al. 2012). Bed bugs also present a huge challenge to pest control 
personnel, with 73% of them ranking bed bugs as the most challenging household pest to 
eradicate (Potter et al. 2015). 
 Bed bugs are members of the Cimicidae family of true bugs (order: Hemiptera). 
All cimicids are obligate blood feeding parasites, with the majority of them associated 
with bats and birds. Two species have been associated primarily with humans: the bed 
bug, Cimex lectularius, and the tropical bed bug, Cimex hemipterus, which is endemic to 
tropical regions (Usinger 1966).  
 The challenge of detecting and treating bed bugs is directly related to the behavior 
of aggregating in hidden locations. An improved understanding of this behavior and the 
factors that mediate it could provide insights into better bed bug management, including 
locating and treating infestations, and building traps to detect and eradicate bed bugs. 
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Since one of the primary factors of aggregation is mediated by an aggregation 
pheromone, I will concentrate part of my research on gaining insights into how 
semiochemical communication mediates aggregation, along with how that 
communication may vary by life stage and sex, as well as between different populations 
of bed bugs. 
Household and Public Health Pest 
 Unlike most hematophagic invertebrates, bed bugs have never been directly 
implicated with transmitting disease in humans (Goddard & deShazo 2009). Salazar et al. 
(2015) demonstrated transmission of Chagas disease (Trypanosoma cruzi) via C. 
lectularius in mice through fecal contamination of broken skin (see also Blakely et al. 
2018). Thus, the possibility that they could vector disease has not been ruled out. The 
most common detrimental effect from bed bugs is an erythematous skin reaction to their 
bites. Not everyone has this reaction; and many people develop the reaction only after 
repeated exposures. In some individuals, though, the skin reactions can be severe; and 
may lead to skin infections or systemic allergic reactions. Bed bug infestations are also 
associated with mental health conditions that range from depression and anxiety in 
response to the presence of bed bugs, to severe anxiety and paranoia (Doggett et al. 2012; 
Goddard & de Shazo 2012). 
 Bed bugs were virtually eliminated around the 1950’s, but staged a comeback in 
the 1990’s. This relatively recent surge in bed bug infestations may be associated with an 
increase in international commerce and travel. Resistance to commonly used insecticides 
may also have been a major contributor to this resurgence (Romero et al. 2007; Potter 
2011; Dang et al. 2017). Inadequate pest control practices by some professionals and by 
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do-it-yourself homeowners trying to avoid the costs of professional exterminators may 
have also contributed (Potter et al. 2015). 
 Detecting and exterminating bed bug infestations can be difficult because of their 
cryptic nature. They aggregate in hidden, enclosed spaces during the day, usually only 
coming out at night. Because of the evolution of resistance to a variety of insecticides, it 
is important that treatment involve effective detection methods and consider all available 
pest control measures rather than an emphasis on insecticide use (Doggett et al. 2012). 
 Detection of bed bugs can be accomplished through the use of traps that capture 
bed bugs on their way to and from their host (for example, ClimbUp® Intercepts, Susan 
McKnight, Inc., Memphis, TN) (Cooper 2016), or with traps that attract bed bugs based 
on host cues (carbon dioxide, heat and simulated human odors) (Anderson et al. 2009) or 
aggregation pheromones (Wang et al. 2017). So far, attractant traps have proven to have 
limited effectiveness in detecting small infestations (Ulrich et al. 2016; Wang et al. 
2017). Research into the use of aggregation pheromone components in traps is ongoing 
(Wang et al. 2017); but the use of pheromone components is limited by their volatility 
(Ulrich et al. 2016). Also, the attractiveness of a trap would be dependent of the state of a 
bed bug. For example, a recently fed bed bug would no longer be looking for a host and, 
therefore, not attracted to traps using host cues. A better understanding of aggregation 
and host-seeking behavior, and how they are mediated by chemical cues could provide 
important insights on how to improve the effectiveness of future trap designs (Wang et al. 
2009; Weeks et al. 2010; Wang et al. 2017). 
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Bed Bug Behavior 
 Mating, host-seeking, and aggregation are three important categories of bed bug 
behavior. Bed bugs spend the majority of their lives in dark, hidden locations in 
aggregations close to where their host sleeps. The locations of these aggregations are 
referred to as harborages. Bed bugs will leave these harborages to forage for blood, an 
activity often referred to as host-seeking behavior. 
Sensory Limitations of Bed Bugs 
 The extent to which hematophagic arthropods have evolved reduced or complex 
sensory systems may be directly related to their relationship with their hosts (Lehane 
2005). Hematophagic insects that seldom leave their host have only a few sensory 
structures. For examples, lice have 10 to 20 antennal receptors and fleas have 50, while 
the kissing bug, Triatoma infestans, which like bed bugs must seek out its host to feed, 
has about 2900 antennal receptors (Lehane 2005). Yet bed bug sensory structure counts 
are much closer to lice and fleas than kissing bugs (Lehane 2005; Steinbrecht and Müller 
1976). This difference is most likely related to bed bug’s evolved behavior to aggregate 
much closer to their host than kissing bugs. 
As with most hemimetabolous insects, bed bug sensory systems are not fully 
developed in early stages of their development. Early instars have only a fraction of the 
number of sensilla of adults; though their sensilla counts gradually increase through each 
developmental stage. In the closely related tropical bed bug, Cimex hemipterus, first 
instars have approximately 75 sensilla and second instars approximately 120 sensilla on 
their antenna compared to 220 for adults (Mendki et al. 2013). Immature bed bugs have a 
bigger challenge than adults of getting to the host to feed because of their smaller size 
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(Mendki et al. 2013; Crawley 2016). Having fewer sensory structures might also limit 
their ability to find a host. 
Mating Behavior 
For many animals, mating behavior involves female choice (Parker 2006). In bed 
bugs, males may have evolved a mechanism to circumvent female choice by bypassing 
the female’s reproductive tract (Siva Jothy 2006). The males insert their stiletto-like 
paramere (penis) through the female’s abdomen and inject their sperm directly into the 
abdomen of the female. Since traumatic insemination is harmful to the long-term health 
of females (Siva-Jothy 2006), the females have evolved anatomical features to limit the 
trauma. This includes a notch called an ectospermalege in their cuticle that directs the 
male’s paramere into a structure called a mesospermalege (Usinger 1966). The sperm are 
activated in the mesospermalege to move into the female’s hemocoel. The sperm then 
follow an oxygen gradient that directs them to the ovaries (Rao & Davis 2001). 
 Because of last male sperm precedence (Stutt & Siva-Jothy 2001), males have a 
reproductive incentive to mate often with both virgin and mated females and are thus 
likely to join harborages containing females. Virgin females may also seek aggregations 
with males present. Once a female has been mated, it may be in her best interest to limit 
the deleterious effects of multiple mating events by avoiding aggregations containing 
males (Siva-Jothy 2006; Pfiester et al. 2009a). On the other hand, there is a reproductive 
advantage to being mated with multiple males because of the increased genetic variability 
to her offspring, which may outweigh the lower reproductive opportunities associated 
with a reduced lifespan (Morrow and Arnqvist 2003; Stutt and Siva-Jothy 2010). Studies 
have demonstrated that components within the ejaculate of males provide health benefits 
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to the females as well as improvements to their reproduction rate (Reinhardt et al. 2009; 
Reinhardt et al. 2011). 
Host-seeking Behavior 
As hematophagic insects, bed bugs are completely dependent on such blood meals 
for all nutritional intake, including water. Because of this, they stay close to their host. 
When not seeking out a blood meal, bed bugs will seek shelter in harborages. These sites 
are typically close to the sleeping areas of their host thereby facilitating locating the host 
for their next blood meal (Usinger 1966). 
Bed bugs may initially detect the presence of a potential host by detecting 
increased levels of carbon dioxide in the air from the host’s breathing (Usinger 1966). 
The bed bug initiates a meandering search toward the signal until it gets within a few 
centimeters of the host (Usinger 1966). At that point, the bed bug can detect the 
temperature difference between the host’s skin and the room temperature and will then 
approach the host’s skin and take a blood meal (DeVries et al. 2016). 
 Between three to seven days after a bloodmeal a bed bug will again seek out a 
host (Usinger 1966). However, the availability of a host can be unpredictable. Over time, 
bed bug host-seeking activity appears to decrease (Romero et al. 2010). Romero et al. 
(2010) suggests this may be a behavioral strategy to conserve energy reserves lost during 
prolonged bouts of starvation. With the consistent presence of a host, seeking out a new 
blood meal is usually a low risk activity in terms of energetics (Benoit et al. 2013).  
 Bed bugs require blood meals to advance through each stage of their life cycle, 
which includes five instars before reaching adulthood. Females require a blood meal to 
produce each cycle of eggs. Males require blood meals to produce sperm and accessory 
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gland fluids. Therefore, bed bugs need a series of blood meals to reach adulthood and for 
maximum reproduction (Usinger 1966). Delays in receiving their next meal reduces their 
fitness.  
Host seeking behavior is partially mediated by circadian rhythms that match their 
periods of movement to the sleeping activity of their host. In humans, this is typically 
during late scotophase (Romero et al. 2010). If a host is not found, the bed bug will 
eventually return to the harborage (Reis & Miller 2011). 
Bed bugs appear to be able to adapt their periods of activity to their host’s 
sleeping patterns (DeVries et al. 2017). Booth et al. (2015) speculated that Cimex 
lectularius populations associated with nocturnal bats follow a diurnal endogenous clock 
to synchronize with the sleeping patterns of their bat hosts. 
Aggregation Behavior 
 After feeding on a host, bed bugs seek locations that are free of light and air 
movement. Bed bugs choose locations that are narrow and enclosed, and where there are 
already other bed bugs present. They detect the presence of pre-existing aggregations 
through pheromone signals and thigmotactic cues (Wang et al. 2017). These aggregations 
tend to be located close to where the host sleeps, typically within three meters (Naylor 
2012), but this distance is highly variable and may depend in part on bed bug density and 
harborage availability. 
 Bed bug aggregation has three main advantages: protection, conservation of 
resources and mating opportunities. Harborages provide protection for bed bugs by 
placing them out of sight of potential enemies, such as spiders and ants, and including 
their potential hosts (Usinger 1966).  
8 
 
The formation of bed bug aggregations provides a unique micro-environment that 
serves to conserve energy, body heat and moisture. Water conservation is an important 
survival task for bed bugs related to their hematophagic lifestyle as their only source of 
water comes from their opportunistic blood meals (Usinger 1966). 
Because the presence of a host may become unreliable at any moment, bed bugs 
must be prepared to tolerate long periods without food. Conserving their energy and 
water resources can contribute to this. Bed bugs can go without a meal for up to six 
months, depending on ambient conditions (Benoit et al. 2013; Haynes 2012); though 
pesticide resistance appears to negatively affect how long they can survive (Polanco et al. 
2011). 
Immediately after a blood meal, bed bugs have excess fluid and must discharge 
the excess water through defecation (Benoit et al. 2013). Soon after they have taken a 
blood meal, they begin to release feces laden with the metabolic byproducts of digesting 
their blood meal. As bed bug aggregations grow over time, their feces and exuviae build 
up along with the various components of an aggregation pheromone contained within 
them (Gries et al.  2015). Chemical compounds emanating from the bed bugs, along with 
their feces and exuviae (shed skins), create a pheromone signature that is attractive to 
other bed bugs (Gries et al.  2015). 
Semiochemical Communication 
Communication through the release and detection of chemicals is a common 
characteristic of insect behavior. A pheromone is a term used to refer to any chemical 
compound used to communicate with conspecifics. The specific details of the message(s) 
being communicated may be based on which chemical compounds are released, the 
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quantities of the compounds released, and the ratios between the different components. 
Context can also be important, including, but not limited to environmental factors or the 
developmental stage of the receiver (Wyatt 2009). 
 Bed bugs have at least two pheromones that they use to communicate with each 
other. The first is an aggregation pheromone associated with harborages. It attracts bed 
bugs to the harborage location and mediates the formation of aggregations there. Alarm 
pheromone is released by bed bugs to alert other bed bugs of a potential danger by 
repelling the bed bugs from the area (Siljander et al. 2008) 
Aggregation Pheromone 
 Aggregation pheromone of bed bugs was recently discovered to be a combination 
of six compounds: (E)-2-hexenal, (E)-2-octenal, 2-hexanone, dimethyl disulfide 
(DMDS), dimethyl trisulfide (DMTS), and histamine (Gries et al. 2015). The first five are 
volatile compounds and are detected by olfactory sensilla on bed bug antenna (Harraca et 
al. 2010b; Liu et al. 2017). (E)-2-hexenal and (E)-2-octenal are produced by scent glands 
in bed bugs, while the other four compounds are known metabolites of blood digestion 
(Gries et al. 2015). All of these compounds are found in the feces and exuviae of bed 
bugs of all life stages (Gries et al. 2015) 
Histamine is the only non-volatile component of the aggregation pheromone, and 
therefore, unlikely part of the olfactory signal. Instead, it acts as an arrestant that stops 
bed bugs at the location where it is detected. Gries et al. (2015) demonstrated that direct 
contact with the substrate was needed to arrest the bed bugs (Gries et al. 2015). Because 
histamine is non-volatile, it will remain associated with the harborage well after the five 
volatile components have dissipated if no bed bugs are present (DeVries et al. 2018). 
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Histamine can be metabolized from the amino acid histidine (Shahid et al. 2009). 
Therefore, the amount of histamine produced by an individual bed bug could be partially 
related to the size of their blood meal. Female adults generally take larger blood meals 
than males, even disproportionately beyond their typically larger size (Usinger 1966). 
Gries et al. (2018) determined that histidine metabolism accounted for some of the 
histamine production in bed bug feces but was not found in sufficient quantities in blood 
to account for all histamine production. 
 Histamine may present a health risk to humans as it builds up within a residence 
after prolonged bed bug infestations. High levels of inspired histamine by humans have 
been implicated in causing asthmatic symptoms in certain individuals with pre-existing 
conditions (Curry 1946; Hargreave et al. 1981). A recent study found high levels of 
histamine residues in homes heavily infested by bed bugs that persists well after the bed 
bugs have been removed (DeVries et al. 2018). 
Alarm Pheromone 
Alarm pheromone is composed of two aldehyde compounds, (E)-2-hexenal and 
(E)-2-octenal, that are produced by specialized scent glands (Siljander et al. 2007). These 
scent glands are located in the upper meta-thoracic area of adults, and in dorsal 
abdominal glands in immature bed bugs (Levinson et al. 1974). The two aldehyde 
compounds are also part of the aggregation pheromone but are released in significantly 
higher concentrations than the amounts associated with aggregation pheromone (Ulrich et 
al. 2016). Immature bed bugs release alarm pheromone that includes the two adult 
components, but in different ratios (Levinson et al. 1974; Kilpinen et al. 2014), plus two 
more aldehydes, 4-oxo-(E)-2-hexenal and 4-oxo-(E)-2-octenal (Feldlaufer et al. 2010).  
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Male bed bugs will attempt to mate with any bed bug close to the size of an adult 
female. This can include other males and late stage immature bed bugs. The instars will 
react by releasing small levels of their alarm pheromone, which the males are able to 
detect, leading them to stop their mating mistake (Harraca et al. 2010a). Males also 
release a small amount of alarm pheromone to stop homosexual mating attempts (Ryne 
2009). As males make these occasional mating mistakes, the alarm pheromone released 
would be added to the overall pheromone signature of the harborage (Kilpinen et al. 
2012). Females will sometimes release alarm pheromone during mating attempts 
(Reinhardt et al. 2008; Kilpinen et al. 2012), but it typically does not stop the males 
(Reinhardt et al. 2008). 
The aldehydes that make up adult alarm pheromone have also been shown to have 
antimicrobial properties (Ulrich et al. 2015). Crawley (2016) observed female bed bug 
activity associated with egg-laying that she speculated could be the application of alarm 
pheromone to the eggs to help protect them from infection. 
Semiochemical Parsimony 
As an aggregation grows and matures, feces and exuviae will begin to build up 
within the harborage, was well as moisture. Excessive amounts of moisture associated 
with fecal material can contribute to the growth of fungi that can infect and kill bed bugs 
(Naylor 2012; personal observations). Limiting the size and density of individual 
aggregations could be a way of limiting moisture accumulation that may increase the risk 
of harmful fungal growth (Naylor 2012). 
Initially, the aggregation pheromone compounds within the harborage attract 
other bed bugs to join the aggregation. Over time, the concentration of aggregation 
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pheromone around the harborage will likely increase. There may be a point where the 
concentrations of (E)-2-hexenal and (E)-2-octenal approach the higher levels associated 
with alarm pheromone. If so, that particular harborage’s pheromone signature may no 
longer be an attractant to conspecifics, but actually act as a repellent to approaching bed 
bugs. In such a way, the size of an aggregation could be limited by the amount of the 
pheromones being built up at that location (Naylor 2012; Gries et al. 2015; Kilpinen et al. 
2015). 
Similar examples exist where specific components of a pheromone convey one 
type of message when released at one level, and a different message at another level 
(Blum 1996). Early instar Southern green stink bugs (Nezara viridula L.) release the 
compound n-tridecane at low levels to encourage aggregation. Over time, the levels of n-
tridecane increase to a concentration that creates an opposite effect of inducing dispersal 
of the immature stink bugs (Lockwood & Story 1985). Certain bark beetles (Ips spp.) 
respond to an aggregation pheromone consisting of ipsenol, ipsdienol and verbenone. At 
some point, as the concentration of bark beetles within the infested tree is no longer 
optimal, verbenone levels increase, eventually producing an anti-aggregation affect to 
newly arriving bark beetles (Gitau et al. 2013). 
The time since a bed bug’s last meal may affect how much aggregation 
pheromones is produced. When a bed bug has not fed for a while, their contribution of 
feces and exuviae would decrease. The amount of aggregation pheromone present in the 
feces and exuviae could also fluctuate depending on how long it has been since the bed 
bug consumed their last blood meal. Since many of the components of the pheromone are 
direct metabolites of blood, their presence in the feces could be influenced by such things 
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as the health of the bed bug, life stage of the bed bug, the time since their last meal, and 
the quality of the blood meal. At the same time, individual pheromone components 
dissipate at different rates. Bed bugs within the harborage will continue to contribute new 
feces and exuviae. Considering the wide variation in volatility between the five volatile 
compounds, it is likely that the concentrations and ratios of the components would be in a 
constant state of flux.  
Male mating mistakes may also contribute to the overall aggregation pheromone 
signature as the male and late instar victims release incremental doses of alarm 
pheromone in response to male mating attempts (Ryne 2009; Harraca et al. 2010a; 
Kilpinen et al. 2012). If harborage-seeking females are able to detect such subtle changes 
to the pheromone signature in a harborage, they might be able to use that information to 
detect the presence of males and avoid the risk of further traumatic insemination events 
by moving on to a different harborage. 
 All of these factors may influence the levels of the various components in 
aggregation pheromone and may be a self-regulating feedback system to limit the 
dimensions and density of individual aggregations.  
Parental Care 
Early instars are at a disadvantage when it comes to seeking a host. As noted 
previously, they have limited olfactory sensory systems. Crawley (2016) showed that 
early instars feed better when they are aggregated with adult females, but not with adult 
males. She demonstrated that the substrate on which recently fed adult females had 
defecated immediately after feeding was on its own enough to encourage first instar 
feeding; and that those substrates contained histamine (Crawley 2016). One possible 
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explanation for this phenomenon is that females are releasing a trail pheromone 
containing histamine on the substrate as they return from host after feeding back to a 
harborage (Johnson 1941; Crawley 2016). 
 If bed bug females engage in parental care of early instars, then such instars may 
seek out aggregations with adult females. Conversely, adult females may seek to remain 
in aggregations with their own offspring (Crawley 2016). 
Dispersal 
 As described previously, there may be limits to the size and spacing between 
aggregations of bed bugs. This would imply there is a point where a harborage becomes 
“over-crowded” (Naylor 2012), i.e., the stimuli that induced a bed bug to join or remain 
with an aggregation are over-shadowed by stimuli that would induce a particular bed bug 
to move on. If no attractive existing aggregations are found, the searching bed bug could 
simply move on to an unused space at sufficient distance away from the crowded 
harborage, thus initiating a new aggregation. In some circumstances, the bed bug’s 
searching activity may eventually lead them far enough away from the host’s location 
that they are no longer likely to return to their host. They may discover a new host, such 
as the resident in the next-door apartment (Wang et al. 2010; Cooper et al. 2015). 
 Dispersal events are necessary for the initiation of new populations of bed bugs. 
Adult female bed bugs have a higher propensity to disperse than males, possibly because 
they are seeking to avoid males (Pfiester et al. 2009b; Wang et al. 2010; Cooper et al. 
2015). On the other hand, a mated female is capable of creating a new infestation on her 
own. In fact, genetic studies reveal most field populations originate for a single female or 
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small group of siblings (Fountain et al. 2014). Males may also disperse in their search for 
females to mate with (Pfiester et al. 2009a). 
There are two types of dispersal, active and passive dispersal. Active dispersal 
occurs when a bed bug moves to a new location associated with a new host through 
movement. Passive dispersal occurs when a bed bug hitches a ride to a new location, such 
as on clothing or personal belongings of a host (Pfiester et al. 2009a). Most new 
populations are believed to be the result of passive dispersal (Reinhardt and Siva-Jothy 
2007). 
Life Stage Variations in the Semiochemical Message 
 There could be differences in the quantities and ratios of the various components 
of the aggregation pheromone produced by individual bed bugs based on sex, life stage, 
bed bug size and the size of a blood meal. Levinson and Bar Ilan (1971) found that adult 
scent glands contained 70% 2-(E)-hexenal compared to 30% 2-(E)-octenal. Levinson et 
al. (1974) demonstrated that adult bed bugs released 3.1 times more 2-(E)-hexenal than 2-
(E)-octenal, and nymphs released 2.5 times more 2-(E)-octenal than 2-(E)-hexenal. More 
recently, Liedtke et al. (2011) found that adult females released the compounds in a 1:1 
ratio, while adult males released twice as much 2-(E)-hexenal as 2-(E)-octenal. Immature 
bed bugs, who have additional alarm pheromone compounds (Leidtke et al. 2011), 
released 2-(E)-hexenal and 2-(E)-octenal in a 2:5 ratio (Kilpinen et al. 2012). While these 
varied results are somewhat inconsistent, they point to the possibility that there is a 
unique semiochemical signature based on sex and life stages. If so and bed bugs are able 
to detect the differences, such semiochemical messaging could be used by individual bed 
bugs in determining their aggregation choices (Choe et al. 2016). 
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Some studies have demonstrated that fecal extracts of mated females are not 
attractive to other bed bugs; and that mated females do not respond to aggregation 
pheromone like other life stages (Siljander et al. 2007; Pfiester et al. 2009a); while others 
(Olson et al. 2009) found no differences between mated and virgin females. If females do 
stop releasing and responding to aggregation pheromone after they are mated, it could be 
a way to limit the damage from repetitive traumatic insemination. Further studies are 
needed that clearly differentiate the effects of mating status on pheromone production.  
 Direct observations of bed bugs in laboratory settings reveal distinct differences 
between males and females and instars in behaviors associated with movement. Males are 
typically much quicker to seek shelter under a tent than females (personal observations). 
There are also distinct differences between colonies of bed bugs within the laboratory. 
Some populations that have been maintained under lab conditions for extended periods 
exhibit slower responses than those that have only recently been introduced to lab 
conditions (personal observations). Naylor (2012) conducted aggregation studies on five 
different bed bugs colonies and discovered significant differences between two colonies 
that had been maintained under laboratory conditions for over 40 years when compared 
to colonies that had been recently collected. One of the older colony’s aggregation 
patterns was insignificantly different than a random distribution (Naylor 2012). Wang et 
al. (2017) showed that the percentage of bed bugs from different colonies caught in 
pheromone-based traps was inversely related to the amount of time each colony had been 
in laboratory conditions. Some of these behaviors observed under laboratory conditions 
may simply be host seeking activity associated with the presence of humans interacting 
with them during colony maintenance activity. 
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 Such significant differences in movement, especially as demonstrated in the trap 
responses by Wang et al. (2017), demonstrate the importance of understanding the 
reasons for these differences when it comes to designing better bed bug traps. They 
reveal that using laboratory-raised bed bugs for behavioral studies may not always 
provide an accurate demonstration of bed bug behavior in general (DeVries et al. 2017). 
Laboratory Adaptation 
 Conducting experiments on insects typically requires a consistent source of 
specimens of similar age and health characteristics in order to reduce variability when 
observing behavioral responses. With bed bugs, this is often difficult to achieve using 
insects that come directly from field conditions. Field collected individuals have 
unknown and variable histories, including age, frequency of feeding, and exposure to 
environmental toxins. It may be difficult to collect sufficient numbers for controlled 
experiments. On the other hand, it is difficult to emulate the field conditions of a bed bug 
within a laboratory, as I will discuss in my experimental design in Chapter 2. There is a 
necessary disconnect between the artificial conditions of a laboratory-raised colony of 
bed bugs, and their correlation to field conditions (Wang et al. 2017; DeVries et al. 
2018). 
Anecdotal observations of the various colonies within our laboratory reveal 
several observable characteristics that distinguish them from each other. Some of these 
differences are bed bug size, the speed and efficiency in seeking refuge, time and 
efficiency to feed on an artificial feeder, as well as overall fecundity (personal 
observations). 
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 Observations of field caught bed bugs introduced to laboratory conditions indicate 
that there is an adaptation process that occurs before a population of bed bugs becomes 
an established and healthy laboratory-based colony. The first few generations are slow to 
feed, and often have low survival rates after feeding (DeVries 2018; personal 
observations). Younger life stages are especially affected. Over successive generations, 
larger percentages of the insects feed to repletion and in a progressively shorter time 
frame, as the overall fecundity of the colony improves (personal observations).  
One possible mechanism for this adaptation is a selection for traits better suited 
for the unique conditions of a laboratory setting, including behavior traits involving 
aggregation and finding a host. If so, any behavioral studies using such adapted bed bug 
colonies may not be an accurate measurement of bed bug behavior in the field (Wang et 
al. 2017; DeVries et al. 2018).  
For example, as the bed bugs feed through an artificial feeding apparatus, their 
feeding schedule is often synchronized by laboratory procedures. Also, many of the 
characteristics of their aggregation behavior, such as selecting harborage sites and 
mediating the dimensions of those aggregations, are hampered by the small confines of 
the cups or jars in the laboratory (Aak et al. 2014).  
Population Genetics 
 Several studies comparing the genetic make-up of individual populations of bed 
bugs reveal that most infestations begin with a single mated female or a group of sibling 
bed bugs (Fountain et al. 2014; Booth et al. 2015; Narain et al. 2015; Akhoundi et al. 
2015). Bed bugs have developed a resistance to the negative effects of inbreeding through 
frequent inbreeding events over time that eventually eliminated most of their deleterious 
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recessive genes (Booth et al. 2012). Oher studies have shown that several different meta-
populations can exist within human communities yet have significant genetic variations 
between the populations (Fountain et al. 2014). While most bed bug infestations likely 
begin from passive dispersal of individual mated females, occasionally divergent 
populations may come in contact with each other and interbreed. Fountain et al. (2014) 
demonstrated that such outbreeding events could lead to offspring with at least a short-
term increase in vigor. They even postulated that many such events could be partially 
responsible for the relatively recent resurgence of bed bugs via the introduction of new 
meta-populations from remote areas of the world (Fountain et al. 2015). 
 Corollaries to this population analysis are recent studies comparing two variants 
of the bed bug, Cimex lectularius. Researchers in the Czech Republic recovered C. 
lectularius associated with bats in Europe and compared them genetically and through 
cross breeding studies with human-associated C. lectularius collected from the same 
region (Booth et al. 2015; Wawrocka et al. 2015; DeVries et al. 2017). The bat-associated 
bed bugs had higher genetic variability and demonstrated little resistance to pesticides in 
comparison to their human-associated counterparts (Booth et al. 2012). 
Goals and Objectives 
 The overall goal of my research is to investigate the aggregation behavior of bed 
bugs in order to gain a better understanding of how this behavior contributes to the 
difficulty of treating this household pest. My initial approach is to parse out how 
aggregation behavior can vary between different populations of bed bugs, and also 
between the different life stages. Examining the variability can lead to insights into the 
mechanisms and functions of various aspects of the behavior. 
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 In Chapter 2, I describe how I developed and applied an experimental method to 
directly measure aggregation in bed bugs. I then compared aggregation behavior 
differences between several different bed bug populations, as well as by sex.   
In Chapter 3, I quantified the amount of histamine produced by life stage and sex 
to compare and evaluate individual contributions to aggregation signals.  
In Chapter 4, I conducted a series of choice tests based on fecal extractions as a 
source of aggregation pheromones to determine how different life stages contribute to 
and respond to each other’s aggregation cues. 
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  MEASURING AGGREGATION BEHAVIOR IN BED BUGS 
Introduction 
Aggregation behavior is a common though not universal trait of many insects 
(Ruxton & Sherratt 2006). Studying aggregation in bed bugs can be a useful model for 
gaining general knowledge about aggregation in insects. Bed bugs readily engage in 
aggregation behavior except to escape or feed; and their behavior, like many other 
aggregating insects, is mediated by semiochemical and tactile cues (Ruxton & Sherrott 
2006). 
Comparing aggregation behavior between two populations requires some method 
of measuring aggregation that is reliable, verifiable and repeatable. The challenge is that 
aggregation behavior is a dynamic activity where individual bed bugs are moving in and 
out of individual harborages, dependent on a variety of behavioral interactions based on 
life stages, sexual conflict and mating, and host-seeking behaviors. 
The other challenge in studying aggregation behavior is simulating field 
conditions within the limits of a laboratory setting. The typical scale of a bed bug 
infestation in the field is, at minimum, an entire room. The primary issues with 
constructing an experimental arena of that scale is tracking and securing the bed bugs, 
since any escape of a single bed bug could lead to a dispersal event and new infestation. 
A smaller experimental scale is more practical. Another major challenge is that the 
presence of a human investigator within the experimental space could easily influence 
bed bug behavior by introducing human cues (carbon dioxide, heat and body odors) that 
would interfere with aggregation behavior. To prevent this, I needed a way to conduct 
and observe the experiments remotely. 
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For the purposes of this study, I measured aggregation behavior by examining the 
aggregate groups after a period of time when their aggregation formation had temporarily 
stabilized. I started with the following goals: 1) Create an experimental arena with a well-
defined aggregation space, i.e., the area within the arena that is an obvious choice for a 
bed bug to aggregate versus other places in the arena, 2) maximize the linear dimension 
of the aggregation space within the allotted space, 3) provide sufficient security to 
prevent any escape of bed bugs, 4) minimize interactions of the bed bugs with human 
observers, and 5) maximize direct observation of bed bug activity, especially within the 
aggregation space. 
My original plan was to build an arena of sufficient scale to be able to approach 
the dimensions of a bedroom-centered aggregation arrangement. Naylor (2012) included 
a series of case studies in his doctoral thesis that showed most aggregations were found 
within 2.5 meters of the host’s primary sleeping area; so, he designed his arena to be 
three meters long. Yet very few of the bed bugs in his study used the entire three meter 
space (Naylor 2012). Reis and Miller (2011), on the other hand, found harborages 10 to 
15 m away from the host sleeping location. 
Previous studies have used a variety of arena designs to observe bed bug 
behavior. Only three of the studies measured aggregation (Pfiester et al. 2009a; Reis and 
Miller 20111; Naylor 2012), but all of the studies were helpful in informing experimental 
design regarding the dimensions, observation considerations and security aspects of the 
arena for this study. 
Suchy & Lewis (2011) used an acrylic tray 91 cm by 91 cm by 5 cm high to 
observe bed bug host-seeking behavior. They hung a digital camera above the tray 
23 
 
connected via an USB cable outside of the room to observe and document the activity 
(Suchy and Lewis 2011). 
Aak et al. (2014) studied bed bug host-seeking behavior using the presence of a 
human as a controlled, but limited, stimulus. They built a 3 m by 5 m arena placed on top 
of a table, with a band of lights above, white lights for photophase and IR lights for 
scotophase, arranged to provide even illumination without shadows. Security measures 
consisted of coating the inside wall with glue and placing a “duct” around the outside of 
the arena filled with mineral oil. Bed bug activity was monitored using a Vivotek 
day/night vision Internet Protocol video camera connected to a remote computer with 
video recording software. Bed bugs were introduced into the arena the day before to 
allow them time adjust to the environment away from human influences (Aak et al. 
2014). 
Wang et al. (2017) used a plastic tray 80 X 75 cm X 5 cm high to measure bed 
bug response to host volatiles. They used a remote controlled EthoVision video system to 
record bed bug movement responses (Wang et al. 2017). 
Pfiester et al. (2009a) used an inverted petri dish 15 cm in diameter to study 
aggregation pattern dynamics between males and females. They defined an aggregation 
as any group of two or more bed bugs separated by a distance greater than the length of 
one adult bed bug. Thus, they measured aggregation patterns by the percent aggregated, 
percent alone (non-aggregated), number of aggregations, and average number of insects 
per aggregation. They examined their arenas at 4pm each day for five days; and reported 
averages of the results calculated daily (Pfiester et al. 2009a). 
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Reis and Miller (2011) used a plastic tub 23 cm by 23 cm by 2 cm high with a 
plastic lid. They placed Fluon (polytetrafluroethylene) on the inside walls of the tub. 
Since they were interested in measuring aggregation activity after host-seeking, they 
began the experiment by introducing a simulated host (a cloth mesh sack containing 
heated chicken blood). They either allowed the insects to feed or not to feed, then 
monitored the time spent continuing to forage or returning to a harborage. After the 
feeding stimulus was removed, the bed bugs’ movement were monitored via a Sony DCR 
video camera (Reis & Miller 2011). 
Naylor (2012) created an arena 3 m long by 15 cm wide with a 10 mm 
“harbourage strip” down the center to create an aggregation space. He measured host-
seeking, aggregation and dispersal behavior on cohorts of bed bugs. It is unclear how or 
if he limited human presence around the experiments. It is also unclear how Naylor 
defined an aggregation in his experiments; though he did document the number of 
aggregations, the average number of insects per aggregation and the average distance 
between aggregations (Naylor 2012). He also created a general aggregation value by 
calculating the overall probability that the aggregation pattern varied from a random 
distribution. All of his measurements were taken at 14 days (Naylor 2012). 
My initial approach was to create an arena where only a well-defined space within 
the experiment would be used by the bed bugs as acceptable for aggregation, similar to 
the approach by Naylor (2012) to create a “harbourage strip.” 
I was able to achieve most of the goals using a circular design. I constructed a 
circular arena where the aggregation space existed around the inside perimeter of a circle. 
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This created a maximum linear space within the overall dimension of the experimental 
area, not as a straight line, but as a continuous curved line.  
Direct observation of the study area was accomplished by the use of remotely 
automated photography and videography. A tripod was placed over the arena with a 
remote-control device (Genie© Mini, Syrp Corporation) attached that could rotate and 
activate a camera above the arena. The Genie© Mini could then be remotely controlled to 
take a panoramic series of photographs around the inside perimeter aggregation space. 
Real-time observation of the arena was also available through the use of adapted video 
cameras connected to a security system video recorder and pointed into the arena. 
Two complete arenas were setup side by side on a wooden table, thus allowing 
direct comparison between two sub-populations of bed bugs. In this case, males of a 
specific colony of bed bugs were on one side and females on the other. 
 Based on observations of different colonies of bed bugs during routine colony 
maintenance, I expected there to be measurable differences in aggregation behavior 
between colonies and by sex. I expected that colonies reared within the laboratory will 
lose the propensity to aggregate the longer they spend within laboratory conditions. I also 
expected, based on sexual conflict between male and female bed bugs related to traumatic 
insemination, that females will have a lower propensity to aggregate than males. 
Methods 
Insect Rearing 
Six different colonies of bed bugs maintained at the University of Kentucky 
Department of Entomology were selected based on a range of characteristics that 
included time spent under laboratory conditions, the type of infestation they experienced 
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in the field, location of the original infestation, and resistance to insecticides. All colonies 
were kept in environmentally controlled incubators except during weekly colony 
maintenance and feeding. The incubators were maintained at 25°C, on a 14:10h light 
cycle, with lights on from 0600 to 2000. 
 The Ft. Dix colony (Harlan strain) was originally collected and adapted to 
laboratory conditions by Harold Harlan from an infestation of bed bugs he collected in 
Fort Dix, New Jersey in 1973. It has been over 45 years since this colony was brought in 
from the field; therefore, it is highly adapted to laboratory conditions. Since this colony 
has not been exposed to insecticides during those years, it is highly susceptible to 
insecticides used to treat bed bugs. 
The CIN-1 colony was collected from apartments in Cincinnati, Ohio in 2005. It 
was originally resistant to insecticides but has since lost some of that resistance. The 
CIN-11 colony was collected in Cincinnati, Ohio in 2012, and is moderately resistant to 
insecticides. LA-1 is a bed bug colony from Los Angeles, California collected in 2006, 
and has very little resistance to insecticides.  
The last two colonies were collected from field conditions within two years of the 
study, and therefore represent bed bugs that may have only partially adapted to laboratory 
conditions. COL-1 was collected from an apartment in Columbus, Ohio. LOU-2 was 
collected from an intensely infested apartment in Louisville, Kentucky. Both were 
collected in 2017. 
All bed bugs were fed every seven days with defibrinated rabbit blood (Hemostat 
Laboratories, Dixon, California) using an artificial feeding apparatus (Montes et al. 
2002). Just before they were fed, any adults that had emerged since the last feeding were 
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removed from the colony cups, and placed into plastic containers separated by sex, and 
not fed as adults. All bed bugs used in the experiments were taken from these adult 
containers and, therefore, were approximately the same age as adults and same feeding 
status. Their mating status was unknown since most were likely exposed to the opposite 
sex before they were sorted. 
Arena Construction   
The basic goal of the experimental design was to create a circular arena such that 
photography and video could be taken of the bed bugs as they engaged in their 
aggregation behavior. A router was used to create a circular wooden ring 0.5 in. high, 
0.375 in. wide and 24 in. (56 cm) in diameter. The aggregation space was created by 
cutting an angled overhang along the bottom inside edge of the wooden ring. The internal 
circumference of the inside of the ring was 176.2 cm. Pencil tick marks were placed 
every 2 cm around the inside of the wooden ring to measure distance and location of the 
individual bed bugs within the aggregations. The ring was glued down to blotter paper to 
create an enclosed space underneath the ring. An overhang (angled cut) along the inside 
perimeter provided a shaded, thigmotactic space with limited light and air movement in 
contrast to the open area within the arena (Figure 2.1). 
To prevent the bed bugs from leaving the arena, double-sided sticky tape (Carpet 
tape, Duck brand) was attached to the top outside edge of the arena. Bed bugs that 
approached the sticky surface would almost universally turn away; and those that moved 
onto the tape became stuck. Carpet tape was also used to attach the outside edge of the 
arena to the center of a plastic tub. Carpet tape was placed along the inside walls of the 
plastic tub. Carpet tape was also placed along the outside edges of the table outside of the 
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tubs where the setup was placed as a last line of security to prevent any bed bugs from 
leaving the experimental area.  
A camera tripod was placed over the arena with the inside bar placed upside down 
so that the camera mount would hang upside down over the arena (Figure 2.2). The legs 
of the tripod were outside the arena. Carpet tape was placed around the bottom feet of the 
tripod. The camera was mounted on a ball head mount (Mini Ball Head W/RC2, Model 
492RC2, Manfrotto, Vitec Imaging Solutions) that allowed the camera to be angled down 
to point directly toward the edge of the inside perimeter of the arena. A Genie© Mini 
(Syrp Corporation, Vitec Imaging Solutions), a camera automation device, was placed 
between the camera mount and the tripod. The Genie© Mini device can rotate 360° to 
create a panoramic series of photographs along the entire inside edge of the arena. The 
Genie© Mini was operated remotely using a Bluetooth connection via a cell phone app 
called Genie App (provided by the manufacturer). 
 A ring light (Neewer 18” Ring Light, RL-18, Neewer Corporation, Edison, NJ) 
was hung from the inside of the tripod to evenly illuminate the arena without shadows. 
The ring light was placed on a timer to maintain a consistent 14:10 hour light cycle (6am-
8pm, 8pm-6am) within the experimental area. Red lamps were placed on the outside 
edges of the arenas on timers synchronized to be on when the ring light was off.  
Experiments were started during early to mid-morning so that all data collection 
(photographs) occurred during daylight hours when bed bug activity was low and 
aggregation behavior was high. 
Two complete experimental setups were constructed and placed side-by-side on a 
table in the center of an environmentally controlled room. The setup on the left used a 
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Canon 60D digital camera, and the one on the right used a Canon 70D digital camera. 
Environmental conditions (temperature, relative humidity and light intensity) were 
monitored throughout the experiments using a HOBO monitoring device (Model H08-
004-02, Onset Computer, Bourne, MA). 
A video security system (Swann Pro-Series 5MP DVR with PRO-T890 5MP 
Bullet Cameras, Swann Corporation, Melbourne, Australia) was set up to monitor the 
arena remotely. High definition cameras were connected via video cables to a room next 
door for remote viewing of the experiment, and to record high quality, in-focus video. 
The video cameras were adapted for close range viewing by attaching a magnifying lens 
to create a macro lens effect. The DVR was attached to the Internet via an Ethernet cable, 
and was accessible through the HomeSafe View software (provided by the manufacturer) 
from either a personal computer or a cell phone. HomeSafe View allowed remote 
viewing and video capture. 
Priority was placed on keeping track of all bed bugs used in the experiments. An 
exact count of the bed bugs used in each experiment was made before they were 
introduced into the arena. They were counted again at the end of the experiment to verify 
that all bed bugs were accounted for.  
Aggregation Assay Procedure 
In each experiment, I would introduce 100 bed bugs to the center of the arena at 
hour zero. Immediately afterwards, I would leave the room to observe the activity in the 
arena via the Swann security system. Through the use of the cell phone app, a series of 
panoramic photographs were taken of the aggregation areas around the inside edges of 
the arenas via the camera rotation devices. The photographs were captured on an SD card 
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inside each camera; and those photos were then downloaded onto a laptop computer at 
the end of each experiment. All photographs used for data analysis in this study were 
taken at the end of each experiment after 48 hours. 
 Each experiment used one bed bug colony at a time, with males assigned 
randomly to one arena and females to the other. In this way, males were compared to 
females in each experiment. There were six repetitions of each of the six colonies for a 
total of 36 experimental runs and 72 sets of data. 
Data Collection 
The photographs were analyzed to determine the precise location of each bed bug 
along the inside aggregation space of the arena (Figure 2.3). This location was based on 
the tick marks along the inside perimeter of the ring, starting with zero and ending with 
the last mark at 176 cm. Each bed bug was assigned a location value, resulting in a series 
of up to 100 data points. A few bed bugs either died, became stuck on the sticky tape, did 
not aggregate in the aggregation space, or escaped from inside the arena during the 
experiment. Those bugs were excluded from the data set, but otherwise accounted for at 
the end of the experiment for security purposes.  
To accurately measure the location of each bed bug, individual aggregations 
around the perimeter were blocked off using petri dish lids to prevent movement between 
aggregations. The bed bugs in each aggregation were collected one group at a time, and 
then the counts compared to the analysis of the photographs. Bed bugs not found along 
the perimeter were designated as inside the arena (but not aggregated), or outside 
(escaped to the outside of the arena). The set of panoramic photographs were edited and 
enhanced to improve differentiation between individual bed bugs. Using this technique, I 
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was able to consistently estimate the location of each individual bed bug within 0.2 cm, 
even in densely packed groups. 
Data Analysis 
I initially defined an aggregation as any group of three or more bed bugs along the 
defined aggregation area not greater than 1 cm from each other, approximately the length 
of two bed bugs. From this definition, I was able to determine the number of 
aggregations, the length of each aggregation, the number of bed bugs in each aggregation 
and the distance between aggregations. It eventually became obvious that any attempts to 
define individual aggregations in this way were arbitrary. I decided to, instead, find a 
statistic that would measure the overall level of aggregation within the arena (see Naylor 
2012). 
Because the data consisted of a set of points around a circle, and, therefore, had 
no beginning or end point, a circular data algorithm was needed. The Kuiper’s Test of 
Uniformity is a statistical concept designed to measure how evenly a set of points is 
distributed around a circle (Landler et al. 2018). In this situation, we are measuring 
aggregation, or the lack of uniformity, in the distribution of the data points. We can use 
Kuiper values to distinguish differences in uniformity of the data points between 
experimental data sets. 
 The values of the Kuiper’s algorithm are dependent on the number of data points. 
Since I used 100 bed bugs in each experiment, I could use Kuiper values to accurately 
measure differences in aggregation patterns between the different sets. A typical Kuiper’s 
value for a data set evenly distributed around the circle, i.e., no aggregation, would 
approach 0.1. Kuiper value of 100 points where all data points are at a single location, 
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i.e., completely aggregated, will be slightly more than 10. The result is the higher the 
Kuiper value for an individual experiment, the higher the aggregation behavior of that 
data set (Figures 2.4 and 2.5).  
 The data sets were then analyzed in the statistical program R using two packages 
specialized in calculating and graphically representing circular data: ‘CircStats’ and 
‘circular’. Specifically, the CircStats function ‘kuiper’ was used to calculate Kuiper 
values for the data sets, and a circular data version of the ‘plot’ function was used to 
create graphical representations of the aggregation data around a circle. These graphical 
versions of the aggregation data were very useful to visualize the differences in 
aggregation patterns and values between the different permutations of the experiments 
(Figure 2.6). 
Results 
Since Kuiper values are dependent on the size of the data set, it was important that 
each data set size be relatively consistent. A review of the data sets shows that over 98% 
of the bed bugs aggregated within the aggregation space of the arena experiments (Table 
2.1). 
I conducted 36 experiments, six for each colony, with a total of 36 sets of data for 
males and 36 sets for females (Figures 2.6 through 2.9). The Kuiper values were 
averaged between colonies and standard error calculated. Kuiper values ranged from 
3.54±0.24 SE (Ft. Dix) to 6.00±0.47 SE (CIN-11) (Table 2.2). There was a significant 
difference between colonies (ANOVA, df=5,60, F=5.8, P<0.001). CIN-11 was a colony 
that was highly aggregated (Figures 2.6 and 2.7), while LOU-2 was less aggregated 
(Figures 2.8 and 2.9). 
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There was no significant difference (df=1,60, F=0.4, p>0.5) in aggregation 
behavior between males (4.31±0.30 SE) and females (4.53±0.24 SE), based on Kuiper 
values (Table 2.2). 
Discussion 
The results demonstrate that there is no significant difference between male and 
female aggregation patterns with respect to sex. The major limitation to this analysis is 
that I separated the males and females into different arenas, so that sexual conflict aspects 
of aggregation was not a factor.  
Aggregation appears to be independent of the time colonies spend within 
laboratory conditions as measured by this study. In fact, the colony that demonstrated the 
highest Kuiper value of 6.00 (CIN-11), and therefore, the highest level of aggregation, is 
a colony that has been in laboratory conditions for eight years. The oldest colony, Ft. Dix, 
having an average Kuiper value of 3.54, was comparable to one of the newest colonies, 
LOU-2, which had an average Kuiper value of 3.88. 
Yet there are distinct and consistent differences between the six colonies in their 
aggregation behavior as measured by this experiment. One difference could be the living 
conditions the bed bugs were under when they were in field conditions. For example, bed 
bugs within a heavily infested apartment will eventually use up suitable aggregation sites. 
Such overcrowding would result in bed bugs being left in the open. In a more restrictive 
environment, such as a hotel room, the challenge would be to aggregate in such a way to 
have easy access to a potentially unreliable host. Thus, a heavy infestation may lead to a 
colony with low aggregation preferences, but a small infestation may have a high level of 
aggregation. 
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Siljander et al. (2008) demonstrated that virgin females had a higher aggregation 
response than mated females; and that mated females were less likely to respond to 
aggregation pheromones than males and immature bed bugs. Females used in my 
experiments were most likely exposed to and mated by males before being used in these 
experiments. However, it is possible that some of the females in these experiments were 
still virgin because of the early separation after adult emergence, and therefore, more 
likely to aggregate than a comparable group of only mated females. Mating status is an 
important factor to investigate in the future. 
 The results demonstrate that there are distinct differences in aggregation behavior 
between different populations of bed bugs but provide little insight into why these 
differences exist. 
It is important to consider we are measuring only one aspect of aggregation 
behavior, the formation of individual aggregations or harborages. The activity that builds 
up to the formation of aggregations, along with behaviors that contribute to the 
movement in and out of those individual aggregations, and the interactions between 
different life stages within specific aggregations, are not addressed in this study. Further 
testing is needed to correlate these results to situations where all life stages of bed bugs 
are aggregating together. 
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Figure 2.1 Aggregation Space  
 
The overhang created along the inside perimeter of the arena defined the aggregation 
space. Above is carpet tape that restricts bed bugs to the arena. Marks were made every 2 
cm for the entire 176 cm perimeter. Brown blotter paper (at bottom) lined the circular 
horizontal surface of the arena and was glued to the hoop, with the lower edge forming 
the simulated crevice where bed bugs tended to aggregate. 
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Figure 2.2 Complete Arena Setup  
 
An overview illustration of the entire arena construction showing the arena centered 
underneath a tripod with a camera in the middle and a ring light at just the right height to 
avoid any shadows on the arena surface. 
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Figure 2.3 Aggregation Photo Example  
 
A typical aggregation edited from one of the 24 photographs that was part of a set of 
panoramic photographs taken along the entire inside perimeter of the arena. The 
photographs were edited and enhanced to improve the definition of individual bed bugs 
to determine a precise location of each bed bug. 
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Figure 2.4 Kuiper’s Values – Even Distribution 
        
In order to illustrate the relationship between number of bugs in a test and the Kuiper’s 
value, I generated this hypothetical distribution. This graph represents Kuiper’s values for 
data sets evenly distributed around the circle (n = 1 to 200). In our experiments the 
number of bugs used was 100, therefore the Kuiper’s value could not be less than 0.1.  
Figure 2.5 Kuiper’s Values – Maximum Aggregation 
  
Kuiper’s values for data sets where all points are at a single point, i.e., maximally 
aggregated. For experiments using 100 bed bugs the maximum Kuiper’s value would be 
10.1. 
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Table 2.1 Percentages of Bed Bugs in Aggregation Space 
 Males Females Totals 
CIN-1 98.33 99.67 98.75 
CIN-11 100.00 99.50 99.75 
COL-1 97.83 99.00 99.42 
Ft Dix 99.00 98.83 99.92 
LA-1 91.17 98.17 94.67 
LOU-2 99.00 98.00 98.50 
Totals 97.64 98.69 98.17 
 
This table represents the percentage of bugs that were located within the aggregation space 
defined as being the overhang around the inside perimeter of the arena, and, therefore, part 
of the data set used to calculate Kuiper values. Each number is the mean of 6 experimental 
replicates. 
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Table 2.2 Kuiper’s Values by Colony/Sex 
 Males Females Colony 
CIN-1 3.19±0.63 4.11±0.53 3.65±0.42 
CIN-11 6.18±0.90 5.83±0.40 6.00±0.47 
COL-1 5.00±0.67 5.51±0.63 5.26±0.44 
Ft. Dix 3.75±0.38 3.33±0.29 3.54±0.24 
LA-1 4.14±0.69 4.21±0.66 4.18±0.46 
LOU-2 3.58±0.55 4.19±0.39 3.88±0.33 
Totals 4.31±0.30 4.53±0.24 4.42±0.19 
 
There was a significant difference between colonies (df=5,60, F=5.8, P<0.001). There 
was no significant difference (df=1,60, F=0.4, p>0.5) between males and females. 
Colony*Sex interaction (df=5,60, F=4.3, P>0.5). 
 
Results of ANOVA of Kuiper’s values data (R statistical package) 
  Analysis of Variance Table 
 
Response: Kuipers 
              Df  Sum Sq Mean Sq F value    Pr(>F)     
Colony         5  59.172 11.8344  5.7975 0.0001974 *** 
Gender         1   0.907  0.9068  0.4442 0.5076536     
Colony:Gender  5   4.398  0.8797  0.4309 0.8252735     
Residuals     60 122.477  2.0413                       
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Figure 2.6 Aggregation Graph - CIN-11 Females  
  
A typical result for colony CIN-11, the colony with the highest propensity to aggregate. 
The Kuiper value for this experiment was 5.81. Note that almost all points are in one of 
the four aggregations. 
Figure 2.7 Aggregation Graph - CIN-11 Males 
 
Similar result for males from the same colony, Kuiper value of 6.29. 
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Figure 2.8 Aggregation Graph - LOU-2 Females  
   
A typical result for colony LOU-2, one of the least aggregated colonies. The Kuiper value 
is 3.82. Note there are several aggregations, they are closer together and several data 
points are outside aggregations. 
Figure 2.9 Aggregation Graph - LOU-2 Males 
 
Result for males from the same colony, Kuiper value of 3.34. 
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  HISTAMINE LEVELS BY LIFE STAGE 
Introduction 
I examined the levels of histamine produced by bed bugs based at different life 
stages. Since histamine is a metabolite of a common amino acid in the blood protein 
hemoglobin (Shahid et al. 2009), histamine production could be directly correlated to the 
amount of blood a bed bug takes in as food. Therefore, histamine production in early 
instars would be small, and would increase gradually through the various instars and peak 
in the adult stages. Females, who are generally larger and known to take a proportionally 
larger blood meal than males (Usinger 1966; Araujo et al. 2009), would produce the 
highest level of histamine.  
On the other hand, bed bugs could regulate the amount of histamine they 
metabolize and produce between different life stages in order to create a distinct 
aggregation signature. 
 
Methods 
Insects Colonies 
I used insects from two colonies maintained in the Department of Entomology at 
the University of Kentucky. The first colony, CIN–1, is a colony that was collected in 
Cincinnati, Ohio in 2007. It was originally highly resistant to pesticides, but over time 
has lost some of that resistance.  
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The second colony, COL-1, was collected in January 2017 from Columbus, Ohio, 
and, therefore, had been under laboratory conditions for about two years at the time of 
these experiments. 
All bed bugs were fed every seven days with defibrinated rabbit blood using an 
artificial feeding apparatus. Bed bugs used in the experiments were taken from petri 
dishes containing adults separated by sex within the past week. Their mating status was 
unknown. 
Collection of Fecal Extracts 
I collected fecal material from recently fed bedbugs by placing them in plastic 
well plates lined with filter paper. The bed bugs were fed using an artificial feeding 
apparatus, then placed in the well plates for 48 hours. As the bed bugs digested their 
meal, they defecated on the filter paper. The fecal material contains the components of 
bed bug aggregation pheromone, which would include histamine. 
The fecal material was collected in one of two ways: from groups of bed bugs, 
and from individuals.  
For the group collection, I cut out three circular pieces of filter paper 3.5 cm in 
diameter to fit snugly into the wells of a 6-well plate (VWR® Tissue Culture Plates, 6-
well, #734-2323). Each piece of filter paper was weighed using a precision scale before 
inserting them into the bottom of three of the wells. Eighty bed bugs each of males, 
females and fifth instar were sorted from the same colony on the same day and placed 
into separate feeding cups. All three cups of bed bugs were then fed using an artificial 
feeding system for 30 minutes. If fewer than 75 of the insects in a cup had not fed to 
repletion, the cups were placed under the feeding system for another 30 minutes. 
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Immediately after feeding, 75 fed bugs from each group were placed together in one of 
the filter paper lined wells in the 6-well plate. Parafilm (Bemis Corp.) was stretched over 
the top of the wells; then the 6-well plate cover was placed over it. The 6-well plate was 
then placed in the same incubator where the bed bug colonies were maintained (Figure 
3.1). 
After 48 hours, the bed bugs were removed from the well plate. Each piece of 
filter paper, which was stained and moist from fecal material, was removed from the well 
plate and re-weighed on a precision scale and the change in weight from the deposited 
fecal material documented. The filter paper was then cut up in small pieces and inserted 
into a glass vial with 1.5 ml of pure methanol. The vial was covered with a Teflon-lined 
cap, then vortexed for approximately 5 minutes. The filter paper was discarded, and the 
remaining methanol was transferred into 1.5 ml Eppendorf tubes and spun down with a 
centrifuge at 4000 rpm for 10 minutes. Afterwards, the clear fluid in the tubes was 
decanted into fresh glass vials, and the vials stored in a -20°C freezer. The resulting 
solutions were used for histamine extraction, and also for choice experiments described 
in Chapter 4. 
For individuals, I collected fecal material from all life stages – males and females 
as well as first through fifth instars. My goal was to monitor the variation in fecal 
material and histamine production for all life stages. I used a 96-well plate (Fisherbrand® 
96 well plates, #12565501) lined with small pieces of filter paper (6 mm diameter cut out 
with a hole punch). I counted out 15 bed bugs for each life stage and placed them into 
separate feeding cups. For first instars, I counted out as many as 50 bed bugs to allow for 
a high mortality rate associated with the first instars’ small size and fragility. As with the 
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group assays, the bed bugs were fed for 30 minutes on the artificial feeders, and placed 
for another 30 minutes if less than 90% of them had not fed. Immediately after feeding, 
individual fed bed bugs were placed in individual wells in the 96-well plate, one row for 
adult males, the next row for adult females, etc. The 96-well plate was covered with an 
empty second 96-well plate, and the plates sealed together with Parafilm. The plate was 
then stored in an incubator for 48 hours. 
After 48 hours, the bed bugs were removed from the 96-well plate. Five bed bugs 
from each life stage were selected with the filter paper from their wells placed into 
individual glass vials containing 0.5 ml pure methanol and the vials covered with Teflon-
lined caps. The five wells were selected by starting on the left most well for that life 
stage, selecting wells in which the bed bug was still alive and otherwise not damaged by 
removal from the well. Even after 48 hours, many of the bugs were still bloated with 
blood, and difficult to remove without damaging them, especially the second and first 
instars. Each vial was vortexed after placing the filter paper piece in the vial. The filter 
paper was then left in the vial, and the vials stored at -20°C.  
Histamine Extraction 
 Histamine was extracted from the fecal collection samples as follows: A portion 
(100 µl) of the fecal solution was placed in a conical vial, then evaporated to dryness 
under a pure nitrogen gas stream. To that vial, 200 µl of phosphate buffer (Buffer 
Solution pH 12.0, Cat #LC125601, Lab Chem) was added, plus 50 µl of deuterated 
histamine solution (at 25ng/µl in 0.1N HCl solution) (Histamine: 2HCl (A,A, B-D4, 
98%) DLM-2911-001, Cambridge Isotope Labs, Inc.). Then 20 µl of isobutyl 
chloroformate (177989-256, Aldrich) was added, and the vial vortexed for five minutes. 
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Then 400 µl of toluene (anhydrous, 99.8%, Alfa Aesar) was added, and the vial vortexed 
again for five minutes. 300 µl of the upper toluene layer was transferred to a new conical 
vial, then evaporated to dryness under the nitrogen gas stream. The products were 
reconstituted with 20 µl of methanol and transferred to a sample conical vial. The 
samples were then run using gas chromatography mass spectrometry (GC/MS). 
A control sample consisted of leaving out the first step where a fecal sample is 
added. Thus, the control sample(s) had only the internal standard. Controls were placed at 
the start and end of each run. The second control at the end of the run would indicate that 
we are still getting useable results. 
GC/MS Analysis 
Analyses were conducted using an Agilent 6890 Gas Chromatograph interfaced 
with an Agilent 5975 Mass Selective Detector.  The GC was equipped with a 30 m DB5 
column (250 µm internal diameter, 25 µm film thickness). A temperature ramp 
from 60°C (2 minute hold) to 320°C (2 minute hold) at 10°C per minute was used.  A 
constant flow of 1 ml/min was maintained throughout the run. Two µl of each solution 
was injected with a purge time of 1 minute. The MSD was operated in EI mode with 
mass scan from 40 to 550 m/z. 
Data Analysis 
Each sample generated a data file of ion counts captured over time during each 
sample run. Histamine derivatives had a retention time between 20 and 22 minutes based 
on column history. The key ion for derivatized histamine was m/z 194, and the ion for 
derivatized deuterated histamine with 3 deuteriums (the internal standard) has m/z of 197. 
I calculated the ratio between the derivatized histamine in the sample to the known 
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quantity of the internal standard of derivatized deuterated histamine, and thus calculated 
the amount of histamine in the fecal sample (Figure 3.2). 
Statistics 
The group data contains histamine levels of male and female adult bed bugs along 
with fifth instars, which I used to calculate average histamine production per bed bug 
within those groups. In the individual fecal collections, I have histamine levels for 
individual bed bugs for all life stages. By collecting from individual bed bugs, I was able 
to examine individual variation within and between life stages. I used the R statistical 
package to calculate analysis of variance (ANOVA) to determine the significance of the 
variations in histamine levels among the colonies and life stages. 
Results 
Histamine Levels – Group Collection 
Based on results obtained from group fecal collections, there is a significant 
difference in histamine produced between the two colonies (Figure 3.3, df=1,18, F=4.3, 
p<0.1). This is also a significant difference in histamine production between life stages 
(df=2,18, F=5.4, p<0.05) (Table 3.1 and Figure 3.3). 
Histamine Levels – Individual Collection 
Histamine results were not significantly different between colonies in the 
individual fecal collection assays (df=1,99, F=2.3, p>0.1). There was a gradual increase 
in histamine production from early instars to adults. The one exception was fifth instars 
of the COL-1 colony, which was substantially lower than adults, but also lower than third 
and fourth instars (Table 3.2 and Figure 3.4).  
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Discussion 
The results of the histamine assay generally support the hypothesis that histamine 
production begins at the first instar, and gradually increases through each successive 
developmental stage to adulthood. The one exception is that COL-1 fifth instars produced 
less histamine than all life stages except first and second instars. The hypothesis that 
females would produce more histamine than males because they are larger and take 
proportionately larger blood meals than males is supported with the CIN-1 colony results, 
but not in colony COL-1, where the results were equivocal. 
The results of these histamine assays of fecal collections provide an overview of 
how much histamine is produced by individual bed bugs, and how that correlates to sex, 
life stage, and the amount of fecal material produced. 
First, there is a significant difference between the amount of histamine produced 
between when the fecal collection involved a group of 75 bed bugs versus collected as an 
individual. One explanation of this is that histamine production may be influenced by 
interactions with other bed bugs. Another possibility is that the process of collecting the 
fecal material in small, individual compartments of a 96-well plate versus a large group 
compartment of a 6-well plate was more conducive to the production and release of 
histamine. The larger masses of bed bugs in the 6-well plates generated a significant 
amount of humidity in those cells, while the 96-well plates stayed relatively dry. 
The environment of the 6-well plate appeared to affect the health of many of the 
bed bugs over the 48 hours of the fecal collection. In many of the batches, within 24-48 
hours after the bed bug groups were removed from a well plate a large portion of them 
often died. Fifth instar bed bugs appeared to be particularly affected, especially with the 
COL-1 colony. In many instances, they released large amounts of clear fluid inside the 
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well plate environment, but very little of the dark fecal staining that would be expected 
from active digestion of the blood meals. The elevated humidity that built up within the 
6-well plates over the 48 hours of the fecal collections may have activated baseline fungi 
associated with the colony which may have affected the overall health of the groups of 
bed bugs. In one of the initial attempts to collect fecal material over a much longer time 
than 48 hours, mold infected and killed all of the bugs; and the results were not included 
in this study. 
 Histamine production in the individual fecal collections was as predicted (with the 
exception of COL-1 fifth instars), with the first instars having the lowest histamine levels, 
and gradually increasing as they advanced through life stages into adults. Adult females 
produced more histamine than adult males. The one outlier for these results was the 
COL-1 colony fifth instars. The lower histamine levels associated with some of the fifth 
instar batches correlated to instances where the fifth instar bed bugs released clear fecal 
material instead of the dark fecal material associate with blood digestion. 
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Figure 3.1 Group Fecal Collection 
 
The photograph above is an example of a group fecal collection after 48 hours. Each 3.5 
cm diameter cell contained 75 bed bugs. Males are in the lower left well, females at the 
upper middle well and fifth instars at the bottom left well. 
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Figure 3.2 Mass Spectrometry Graph  
 
This is an example of a selected ion chromatogram showing both a regular histamine-
derivative ion (m/z 194), and a deuterated histamine derivative (internal standard) ion 
(m/z197). The ratio between m/z 194 and 197 allows me to calculate the amount of 
histamine in the original sample. In this sample the quantity of histamine from the feces 
was 7.0 µg per bed bug.  
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Table 3.1 Histamine Group Fecal Collections (µg/bed bug) 
 CIN-1 COL-1 Overall 
Females 4.62±0.50 4.10±0.12 4.39±0.28 
Males 4.48±0.25 3.75±0.59 4.16±0.30 
Fifth instars 3.33±0.41 2.67±0.19 3.00±0.25 
 
All values are means with standard error. There is a significant difference in histamine 
produced between the two colonies (df=1,18, F=4.3, p<0.1), and a significant difference 
in histamine production between life stages (df=2,18, F=5.4, p<0.05). 
 
Results of ANOVA of Group Histamine data (R statistical package) 
 Analysis of Variance Table  
Response: Histamine 
                  Df  Sum Sq Mean Sq F value  Pr(>F)   
Colony             1  2.8155  2.8155  4.2878 0.05304 . 
Life.Stage         2  7.1138  3.5569  5.4169 0.01440 * 
Colony:Life.Stage  2  0.0509  0.0255  0.0388 0.96203   
Residuals         18 11.8193  0.6566                   
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Figure 3.3 Group Histamine (µg/bed bug) Averages by Colony 
 
 
 
There is a significant difference in histamine produced between the two colonies 
(df=1,18, F=4.3, p<0.1), and a significant difference in histamine production between life 
stages (df=2,18, F=5.4, p<0.05).  
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Table 3.2 Histamine Individual Fecal Collections (µg/bed bug) 
 CIN-1 COL-1 Overall 
Females 6.81±1.47 5.08±1.35 6.19±1.05 
Males 3.76±0.70 3.12±0.75 3.55±0.52 
5th instars 4.12±0.64 1.50±0.16 3.14±0.51 
4th instars 2.49±0.30 2.63±0.47 2.54±0.25 
3rd instars 0.92±0.18 2.22±0.49 1.44±0.27 
2nd instars 0.88±0.16 1.32±0.34 1.05±0.17 
1st instars 0.49±0.25 0.17±0.03 0.37±0.16 
 
Histamine results were not significantly different between colonies in the individual fecal 
collection assays (df=1,99, F=2.3, p>0.1). There was a gradual increase in histamine 
production from early instars to adults. The one exception was fifth instars of the COL-1 
colony, which was substantially lower than adults, but also lower than third and fourth 
instars. 
 
Results of ANOVA of Individual Histamine data (R statistical package)
Analysis of Variance Table 
 
Response: Histamine 
           Df Sum Sq Mean Sq F value     Pr(>F)     
Colony      1   8.36   8.356   2.3133    0.1315 
Life.Stage  6 331.77  55.294  15.3066 2.444e-12 *** 
Residuals  99 357.63   3.612 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Figure 3.4 Individual Histamine (µg/bed bug) Averages by Colony 
 
 
Histamine results were not significantly different between colonies in the individual fecal 
collection assays (df=1,99, F=2.3, p>0.1). There was a gradual increase in histamine 
production from early instars to adults.   
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 AGGREGATION BEHAVIOR RESPONSE BY LIFE STAGE 
Introduction 
So far, I have found evidence for differences in aggregation behavior between 
populations of bed bugs (Chapter 2) as well as differences in the production of one 
component of bed bug aggregation pheromone between life stages (Chapter 3). In the 
introduction, I referred to several studies demonstrating how different life stages of bed 
bugs vary their aggregation pheromone in quantities and ratios of some of the 
components of the pheromone. Such variations might influence how bed bugs choose to 
aggregate based on life stage interactions. Some of the reasons bed bugs may prefer to 
aggregate differently based on life stage include interest in mating opportunities between 
males and females, decisions based on sexual conflict, and potential parental care (Stutt 
and Siva-Jothy 2001; Crawley 2016). 
Here I examine differences in aggregation response to fecal extracts based on 
different bed bug life stages. The two dimensions to this behavior are the particular 
semiochemical signature produced by each life stage, and the response of each life stage 
to that specific signature. These experiments were designed to compare various 
combinations of life stage responses by testing for any preferences between different life 
stage fecal extracts. 
 In my first series of experiments, I measured the aggregation behavior response of 
a group of bed bugs from one life stage to the fecal extract of male, female or fifth instars 
against a control. In my second set of experiments, I compared the response of an 
individual bed bug between fecal extracts from two different life stages (male, female or 
fifth instar). 
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Since previous studies (Pfeister et al. 2009; Siljander et al. 2008) have 
demonstrated that mated female bed bugs do not produce or respond to aggregation 
pheromone, I expected female bed bugs would not respond to any of the fecal extracts 
obtained from male, female or fifth instar bed bug groups. I also predicted that males and 
fifth instars will prefer male or fifth instar extracts over female-produced fecal extracts.  
Methods 
Insects Colonies 
All bed bugs used in this experiment were from a colony (CIN-1) originally 
collected from an apartment in Cincinnati, Ohio in 2007. All bed bugs were fed every 
seven days with defibrinated rabbit blood using an artificial feeding apparatus. Bed bugs 
used in the experiments were taken from plastic containers of adults separated by sex 
within the previous week. They were sorted one week since their last meal, and therefore 
had emerged as adults within the last two weeks. The mating status of all the bed bugs in 
these experiments was unknown. 
Fecal Extract Collection 
The fecal extracts used in these experiments came from the group fecal 
collections described in Chapter 3. 
Experimental Design 
I designed 10 cm diameter arenas using ClimbUp® Intercept traps (Susan 
McKnight Inc., Memphis, TN). Each ClimbUp® had a circular piece of etched glass 
(Circular clear glass plate, 4 inch diameter, 3/32 inch thick, sandblasted on top; 
Behrenberg Glass Company, Delmont, PA) inserted into the center of the trap to create a 
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walking surface for the bed bugs. The ClimbUp®s and the glass plates were washed 
before each assay.  I placed two small pieces of filter paper (1.25 cm X 1.75 cm) folded 
in half along the long dimension to create tents that provided a suitable place for the bed 
bugs to aggregate. Each tent was treated with 10 µl of a methanol-based fecal extract or a 
methanol only control and allowed to dry for one hour. The tents were arranged opposite 
each other inside the arena perpendicular to the perimeter, 0.5 cm from the outside edge. 
The bed bugs were introduced directly into the center of the arena (Figure 4.1).  
Nine ClimbUp® arenas were arranged in columns of three or four on a black table 
with Carpet tape place around the top outside edges of the table. A bank of lights was 
arranged above to illuminate the arenas evenly and without shadows. A light meter (Light 
meter Model LI-250, LI-COR Biosciences, Lincoln, Nebraska) was used to confirm that 
the amount of light on each arena was relatively consistent, typically between 150 to 200 
lumens per ft-2. The lights were placed on timers to create a 14:10 hour light cycle: white 
lights on from 0600-2000, and dim red lights on from 2000 to 0600. At hour zero, the bed 
bugs used in the experiments were placed at the center of each arena. The arenas were 
then left undisturbed for 20 hours, which included one complete scotophase cycle. A 
HOBO device was placed on the table during the experiment to monitor environmental 
conditions (temperature, relative humidity and light). 
Group Choice: Fecal Extract versus Control 
In the first set of experiments, I used fecal extracts taken from males, females and 
fifth instars. To include all combinations of each group’s response to these extracts, I 
arranged two blocks of nine arenas arranged in five rows, then randomly assigned the 
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nine possible iterations within each block (Figure 4.2). Ten bed bugs from the same life 
stage (male, female or fifth instar) were placed at the center of each arena.  
After 20 hours, each arena was checked to determine how many bed bugs were 
underneath or touching each of the two tents within each arena. Bed bugs not associated 
with either tent or that had escaped from the inside areas of the arenas were tabulated but 
otherwise not used in the final calculations. The end results were calculated as a 
percentage of bed bugs within the group that chose either the fecal extract tent or the 
control tent. 
Individual Choice: Comparing Two Different Fecal Extracts 
In the second set of experiments, I set up three blocks of nine arenas on the same 
table (Figure 4.4). In each of the three blocks, the nine possible combinations (two 
different extracts, one of three possible respondents) were randomly assigned before the 
start of the experiment. In these experiments, only one bed bug was introduced into the 
center of the arena at hour zero. After 20 hours, each arena was checked to see which tent 
the single bed bug had associated with.  
Data Analysis 
In the first set of experiments, data was tabulated as a percentage of the initial ten 
bed bugs that selected one tent over the control.  
In the second set of experiments, I accumulated totals for each combination of life 
stage response to a choice between two different fecal extracts. Those totals were then 
calculated as an overall percentage of individuals making one choice over the other.  
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Results 
Group Choice Results 
A binomial probability test was calculated to determine the probability that the 
controls were not being selected, thus showing the bed bugs preferred the fecal extracts 
(Table 4.1 and Figure 4.3). All but one combination of life stage response to extract was 
significantly preferred (p<0.05) over the control. The exceptions were that neither 
females nor males significantly preferred female fecal extracts. 
Individual Choice Results 
Based on binomial probability calculations, there was no statistical preference of 
one group of bed bugs for the fecal extract of any of the groups over the other. The one 
exception was females favored fecal extracts from other females over fifth instars (Table 
4.2 and Figure 4.5). 
Discussion 
I did not observe any clear pattern of aggregation behavior related to life stage. In 
the first set of experiments, the bed bugs preferred to aggregate under tents with fecal 
extracts over controls (with the exception of females and males toward female fecal 
extracts where there was no difference from control) but did not demonstrate any strong 
preference between extracts based on life stage. Therefore, I designed a second set of 
experiments to compare preferences for fecal extracts from two different life stages. 
In the second set of experiments, there was no statistical preference of one stage 
of bed bugs for the fecal extract of any other stage, with one exception where females 
significantly preferred to aggregate under fecal extracts of other females over fifth instar 
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fecal extracts. The lack of significant difference in this experiment suggest that all life 
stages were equally effective in arresting bed bugs. 
A limitation of this assay is that fecal extracts may not represent the complete 
aggregation signal that is involved in stimulating natural extracts. Some components of 
aggregation pheromones may be underrepresented in the fecal extracts as they may have 
evaporated before extraction. Histamine content likely remains relatively constant as it 
has very low volatility. Even after the extract is applied to the tent, the volatile 
components will evaporate, and thus their proportion on the substrate will diminish over 
the assay period.  
In the initial set of experiments, my attempts to measure aggregation may have 
been confounded by the influence that a group of bed bugs would have on their 
individual aggregation responses. Aggregation behavior is likely mediated by olfactory, 
tactile and visual cues. The visual and tactile cues of observing and coming in contact 
with other bed bugs already present under a particular tent could override the olfactory 
cues emanating from the other tent on the other side of the arena. Once one or more bed 
bugs form an aggregation at a particular location, they begin adding to the visual, tactile 
and semiochemical stimuli. This would explain how in a few of the arenas in the first set 
of experiments, 100% of the bed bugs in a group aggregated under the control tent, 
despite what one would assume was a stronger stimulus for aggregation under the tent 
with fecal extract. 
The second set of experiments attempted to address some of these concerns. By 
using only one bed bug, we removed the influence other bed bugs in the group might 
have had on the individual bed bug’s choice to select visual and/or newly placed 
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olfactory stimuli over the two original olfactory choices we initially present to them in 
the experiment. Therefore, the choice the single bed bug selects would be based solely on 
any differentiation between the pheromone signature under the two tents. 
 The first set of experiments demonstrates that all three life stages create an 
attractive aggregation signal, and that all three life stages respond to the extract 
independent of where the fecal material came from. Because of the mating status was 
unknown, though, we cannot determine if these results definitively contradict earlier 
studies that show mated females do not release or respond to aggregation pheromones. 
 The second set of experiments demonstrated that males, females and fifth instars 
respond equally to the fecal extracts of each other, with the exception that females 
significantly prefer fecal extracts over fifth instars yet do not prefer female extracts over 
male extracts. This result is unexpected because we would expect that if females had a 
preference to avoid another life stage, it would be males based on sexual conflict 
dynamics.  
Future studies are needed to determine if females truly have a preferential 
response to their own aggregation pheromone signature over fifth instars, or if it is an 
artifact of experimental methods used in this study. One possible explanation of how fifth 
instars might provide a unique aggregation pheromone is the addition of the two 
additional aldehydes (4-oxo-(E)-2-hexenal and 4-oxo-(E)-2-octenal) found in the alarm 
pheromone of immature bed bugs. 
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Figure 4.1 ClimbUp© Arena 
 
Each ClimbUp® had a circular piece of etched glass inserted into the center of the trap to 
create a walking surface for the bed bugs. Two tents were arranged on opposite sides to 
provide a suitable place for the bed bugs to aggregate. Each tent was treated with 10 µl of 
a methanol-based fecal extract or a methanol only control.  
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Figure 4.2 Setup for Group Choice Experiment 
 
Nine ClimbUp® arenas were arranged in columns of three or four on a black table. A 
bank of lights was arranged above to illuminate the arenas evenly and without shadows.       
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Table 4.1 Group Choice Results 
 Female Extract Control  Non-
responders 
Significance 
Respondent Count % Count % Total   
Females 81 56% 63 44% 144 16 NS 
Males 77 53% 67 47% 144 16 NS 
Fifth Instars 93 72% 37 28% 130 30 ** 
TOTAL 251 60% 167 40% 418 62  
 Male Extract Control    
Respondent Count % Count % Total   
Females 109 75% 37 25% 146 14 ** 
Males 85 63% 49 37% 134 26 * 
Fifth Instars 94 70% 40 30% 134 26 ** 
TOTAL 288 70% 126 30% 414 66  
 Fifth Instar Extract Control    
Respondent Count % Count % Total   
Females 119 81% 28 19% 147 13 ** 
Males 79 59% 56 41% 135 25 * 
Fifth Instars 87 64% 50 36% 137 23 ** 
TOTAL 285 68% 134 32% 419 61  
 
Each category of results was evaluated using binomial probabilities. All results were 
significant for selecting the fecal extract over a control, except for female and male bed 
bugs’ response to female fecal extracts. Non-responders were excluded from the analysis. 
NS – not significant, * p<0.05, ** p<0.001. 
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Figure 4.3 Fecal Extracts vs. Control  
 
 
 
The three figures above represent the response of each life stage (male, female and fifth 
instar) to each life stage fecal extracts.  
68 
 
 
Figure 4.4 Setup for Individual Choice Experiments 
 
 
Three blocks of nine arenas on the same table used in the first set of experiments.  
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Table 4.2 Individual Choice Results 
Respondent Female Extract Male Extract  
Non-
Responders Significance 
 
Count % Count % Total 
  
Females 16 59% 11 41% 27 3 NS 
Males 17 63% 10 37% 27 3 NS 
Fifth 11 41% 16 59% 27 3 NS 
TOTAL 44 54% 37 46% 81 9  
 
Female Extract 
Fifth Instar 
Extract 
  
 
Females 22 73% 8 27% 30 0 ** 
Males 16 67% 8 33% 24 6 NS 
Fifth 18 64% 10 36% 28 2 NS 
TOTAL 56 68% 26 32% 82 8  
 
Male Extract 
Fifth Instar 
Extract 
  
 
Females 17 61% 11 39% 28 2 NS 
Males 13 48% 14 52% 27 3 NS 
Fifth 16 53% 14 47% 30 0 NS 
TOTAL 46 54% 39 46% 85 5  
 
Each category of results was evaluated using binomial probabilities. Results were 
insignificant for all possible combinations, except females choosing fecal extracts from 
other females over fifth instar extracts. Non-responders were excluded from the analysis. 
NS – not significant, ** p<0.01.  
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Figure 4.5 Fecal Extract Choices 
 
 
 
The three figures above represent the response of each life stage (male, female and fifth 
instar) to each life stage fecal extracts. 
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  FUTURE DIRECTIONS 
I examined various aspects of bed bug aggregation behavior in an attempt to gain 
new insights into this ubiquitous activity of bed bugs.  
Population Variations 
In Chapter 2, I demonstrated that aggregation behavior varies between 
populations. The next step is to determine the reasons for such variations by examining 
differences between populations, and then coming up with testable hypotheses to explain 
those differences. 
One possible explanation for such differences is the dynamics of the environment 
a population of bed bugs lived under within the original field conditions. Some bed bug 
infestations are small with harborages well out of sight. Other infestations can be so 
dense that bed bugs are found scattered throughout the residence, including out in the 
open along the walls and furniture. Some infestations have a reliable host(s) that sleeps in 
the same location every night; while other infestations may not, either because the 
resident is frequently away, or the living space is only in use part of the time. In each of 
these scenarios, the amount of resources the bed bugs devote to aggregation (shelter) 
versus host-seeking might influence their chances for survival. For example, in the 
heavily infested residence, devoting more resources to host-seeking may be beneficial as 
many individuals are forced to aggregation further away from the host. 
A significant limitation of my arena studies was that I compared males to females 
as separate groups. Bed bug aggregations typically are composed of all life stages 
(Usinger 1966). Future circular arena studies combining males and females in the same 
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arena could be compared to the results in Chapter 2 to examine the impact of mating 
interaction on aggregation. Other circular arena studies should include immature bed 
bugs to determine their influence on overall aggregation behavior.  
There are many limitations to combining life stages, though. Placing males and 
females together introduces the influence of sexual conflict on behavior. One example of 
how this could complicate aggregation behavior is that if females do sometimes attempt 
to limit their exposure to excessive traumatic insemination events, they would have a 
limited ability to do that within the small confines of the circular arena design.  
The limitations of using immature bed bugs are two-fold. They have less 
sclerotization than adults over their abdominal cuticle (Usinger 1966) and are less likely 
to withstand the frequent handling required in using the circular arenas. They are also 
more difficult to visualize and to keep track of because of their significantly smaller size 
and lighter color, especially in the early instars (personal observations). 
Histamine Levels 
The results I obtained in Chapter 3 on histamine levels between life stages, with 
the exception of COL-1 fifth instars, are consistent with what I expected. There may be 
significant differences between the two colonies in histamine production that further 
replications may be able to reveal. If so, similar histamine extraction assays could be 
conducted on several other colonies to determine how much variation in histamine 
production exists between populations of bed bugs. 
The aberrant results for COL-1 fifth instars should be investigated further. I 
originally hypothesized the lower histamine results were related to health issues 
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associated with high humidity conditions in the group fecal collection procedure. But it is 
the individual fecal collection assays with COL-1 fifth instars where the histamine levels 
are unexpectedly low (1.50±0.16 µg histamine compared to 2.63±0.47 µg for fourth 
instars and 2.22±0.49 µg for third instars).The humidity issues were more of a problem 
with the group fecal collections. More replications of the individual fecal collections of 
all life stages of COL-1 should be conducted to clarify how much variation exists within 
the fifth instars. Also, monitoring the health of the bugs used in the fecal collections for 
several days afterwards might help identify if health issues are a factor in their reduced 
histamine levels. 
Further iterations of the histamine extractions could also include using the 
protocol I devised to determine individual weight and blood meal intake. Such weights 
could be used to correlate bed bug size and life stage to the amount of histamine they 
produce. Since histamine is a metabolic byproduct of hemoglobin digestion (Shahid et al. 
2009), histamine production levels may correlate to the size of a bed bug’s blood meals. 
Variations in Life Stage Aggregation Responses 
The biggest question that comes out of the Chapter 4 experiments testing 
aggregation response of different life stages to different fecal extracts is how mating 
status might influence aggregation pheromone levels. Previous studies have demonstrated 
virgin females produce aggregation pheromone while mated females do not (Pfeister et 
al. 2009; Siljander et al. 2008), while other studies found all females produce and respond 
to aggregation pheromone (Olson et al. 2009). The second set of experiments in Chapter 
4 could be run where the mating status of the females is known when collecting the fecal 
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extracts and in the respondent bed bugs used in the choice experiments. Also, using fecal 
collections from earlier instars (first through fourth) as well as respondents could reveal 
information about other immature life stagers. For example, using first instars as 
respondents to female fecal extracts compared to other life stage extracts might provide 
further evidence for potential parental care interactions. 
If the degree in which different populations of bed bugs engage in aggregation 
behavior varies as much as my studies appear to demonstrate, then this behavior indicates 
that bed bugs may modulate aggregation behavior to adapt to their environmental 
conditions. A better understanding of how such adaptation works could be a valuable tool 
to pest control personnel to inform them in their treatment practices. 
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